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ABSTRACT:
The larval stage of the phantom midge Chaoborus americanus (Chaoboridae) is an
important predator on zooplankton in temperate, fishless ponds. Chaoborus have distinct
development stages typical of holometabolous insects: egg, larva (four larval instars),
pupa, and adult. Temperature and food levels can significantly affect development rates
in insects. The purpose of this study was: (1) to compare developmental patterns of
populations of C. americanus from different latitudes (northern Wisconsin, northern
Illinois), which experience different annual temperature regimes; and (2) to construct a
mathematical model to predict larval development patterns (Developmental Model) and
another to predict abundance patterns for C. americanus populations based on
temperature and food regimes (Abundance Model). The Chaoborus americanus

population in northern Wisconsin (Tender Bog) completed one generation per year. The
northern Illinois population (Meiner Pond) had two to three generations per year. Pupae
that developed from overwintering fourth larvae in Meiner Pond were nearly twice the
mass of the pupae in the summer generation. The pupae of the overwintering population
of fourth instar larvae in Tender Bog were comparable in mass to the pupae from the
first generation (late May) in Meiner Pond. Using laboratory estimates for growth and
development rates, and the appropriate field temperature data, the Developmental
Model correctly predicted a one-year generation time for a C. americanus population in
Tender Bog and three generations per year for the Meiner population. Similarly, the
results generated by the abundance model were consistent with the phenology and
patterns of instar abundance observed in the respective populations.

Growth and developmental plasticity o f Chaoborus americanus
populations
A b stra ct

The larval stage o f the phantom midge Chaoborus americanus (Chaoboridae) is an
important predator on zooplankton in temperate, fishless ponds. Chaoborus have distinct
development stages typical o f holometabolous insects: egg, larva (four larval instars), pupa, and
adult. Temperature and food levels can significantly affect development rates in insects. The
purpose o f this study was: (1) to compare developmental patterns o f populations o f C.

americanus from different latitudes (northern Wisconsin, northern Illinois), which experience
different annual temperature regimes; and (2) to construct a mathematical model to predict larval
development patterns (Developmental Model) and another to predict abundance patterns for C.

americanus populations based on temperature and food regimes (Abundance Model). The
Chaoborus americanus population in northern Wisconsin (Tender Bog) completed one
generation per year. The northern Illinois population (Meiner Pond) had two to three generations
per year. Pupae that developed from overwintering fourth larvae in Meiner Pond were nearly
twice the mass o f the pupae in the summer generation. The pupae o f the overwintering
population o f fourth instar larvae in Tender Bog were comparable in mass to the pupae from the
first generation (late May) in Meiner Pond. Using laboratory estimates for growth and
development rates, and the appropriate field temperature data, the Developmental Model
correctly predicted a one-year generation time for a C. americanus population in Tender Bog and
three generations per year for the Meiner population. Similarly, the results generated by the
abundance model were consistent with the phenology and patterns o f instar abundance observed
v ,

in the respective populations.
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I n tr o d u c tio n

Global wanning is predicted to cause an increase in temperature later in the 21st century,
with estimates ranging from 1.4°C to 5.8°C (IPCC 2007). Anthropogenic-induced climate
change has caused documented phenological and distributional changes in several species, as
well as shifts in many species* suitable habitat range (Easterling et al. 2000). Phenology is the
study o f annually recurring life cycle events. In insect phenology, the timing o f the life cycle is
dependent upon the cyclic nature o f seasonal abiotic environmental factors, such as temperature
and day length. The effects o f temperature increases are therefore more likely to be experienced
most strongly by poikilotherms such as insects, whose metabolic, developmental, and growth
rates, as well as behavior, are all temporally dependent on seasonality (Sweeny et al. 1991).
Larvae o f the phantom midge Chaoborus americanus are important predators on
zooplankton in temperate fishless ponds. Chaoborus spend the majority o f their life cycle as
aquatic larvae, going through four larval instars before pupating and then finally emerging as
adults (von Ende 1982). Larvae that overwinter as fourth instars enter into a non-obligate
diapause during the winter; diapause provides a mechanism for insects to reset their seasonality
and is broken by food and temperature cues in C. americanus (Bradshaw 1969). The growth and
development o f Chaoborus larvae are dependent on temperature, and are also directly affected
by food consumption (Bradshaw 1970,1973). Chaoborus americanus populations are plastic in
terms o f generation time and larval and pupal mass (Traina 1989). Populations o f C. americanus
from northern Wisconsin have a longer generation time than populations in northern Illinois. The
purpose o f this study was first to document variation in generation time (voltinism) and pupal
mass in a northern Wisconsin population and a northern Illinois population o f C. americanus,
and second to develop mathematical models that correctly predict these patterns o f variation, as

well as changes in instar abundance, based on typical seasonal temperature patterns for fishless
lakes and ponds in these regions. Laboratory data can be utilized to estimate biological
parameters in mathematical growth models, and then combined with field environmental data to
project the growth, development, and abundance o f insect populations in natural habitats, as well
as in response to changing environmental conditions (Bentz et al. 2010).

M e th o d s
P u p al M ass

In 2008 Chaoborus americanus fourth instar larvae were collected from a small fishless
pond west o f Rochelle, IL, Meiner Pond, using a dip net. Larvae were collected on March 25,
May 16, and August 7 in 2007, and on April 10, June 10, and August 12 in 2008. The larvae
were brought back to the lab and held in an environmental chamber on long day (16 light: 8
dark) at 20-25 ° C and fed plankton ad libitum to induce pupation. Once pupae appeared, they
were sexed, dried at 65°C and their mass was estimated using a Cahn microbalance. Fourth instar
larvae were collected from beneath the ice in Meiner Pond on February 6,2010. The larvae were
brought to the lab and held at 7° C on long days and fed large Daphnia pulex. As larvae began to
pupate they were sexed, dried, and weighed. Estimates o f pupal mass from the Tender Bog
populations were obtained from Traina (1989).

A b u n d an ce an d T em perature

The Chaoborus americanus larval population in Meiner Pond was monitored weekly,
from April 26th through October 30th, 2008. On each sampling date, a 12 L sample was collected
at ~ 0.5 m using a Schindler-Patalas plankton trap, at each o f nine locations in the middle o f the
pond ( 3 X 3 grid). Samples were preserved with 5% formalin and returned to the lab where all
larvae were counted and identified to instar. Temperature data was collected hourly from spring

through fall 2008 at the surface and the bottom (~ 1.5 m) o f Meiner Pond using HOBOware Pro
temperature loggers.
The Chaoborus americanus larval population in Tender Bog was monitored from April
through October in 1978 and in 1980. Samples were collected approximately biweekly using a
30.4 L Schindler-Patalas plankton trap (at 1 m intervals from the surface to 4 m). Four samples
were taken at each depth and samples taken at the same depth were combined on each sampling
date. Larvae were absent below 4 ni. Samples were preserved and processed as those from
Meiner Pond. Temperature profiles were also taken from the surface to 10 m at 1 m intervals on
all sampling dates.
D evelop m en t and G row th R ates

A growth experiment was carried out using treatments o f high or low food (HF or LF) and
high or low temperature (HT or LT) in 1990. Individuals in the high food treatment were fed ad

libitum every day and those in the low food treatment were fed ad libitum every other day. Lowtemperature individuals were held at 10° C, while high-temperature individuals were at 20°.
Larvae were raised from second instar until they pupated, at which time they were sexed, dried,
and weighed (von Ende unpublished data). Development rates for females were estimated by
fitting bivariate plots o f development rate (days to pupation"1) versus temperature by least
squares regression using STATISTICA (version 10, StatSoft Inc. 2011) (Fig. 9). Growth rates for
females were also estimated by fitting bivariate plots o f growth rate (micrograms per day) versus
temperature by least squares regression using STATISTICA (Fig. 10). In approximating both the
development and growth rates, separate estimates were made for each food level, high food (HF)
and low food (LF).
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M odel
Two models were constructed, one to predict larval development and growth patterns
(Developmental Model) and another to predict abundance patterns for Chaoborus americanus
populations based on temperature and food regimes (Abundance Model). The two models were
created using STELLA (version 9.1.4, isee systems Inc. 2011), modeling software that allows the
user to create a mathematical model using graphical “tools,” which in turn are translated by the
program into a set o f differential equations. Hence, STELLA’S graphical interface allows models
to be constructed in which simulations can be carried out in continuous time. Several different
building blocks were used in STELLA to create the two models. Stocks accumulate whatever
flows into them and represent the variable whose quantity increases or decreases over time.
Flows are used to fill or drain stocks, and stocks can be reservoirs or conveyors. All individuals
in a reservoir are mixed together; stocks have a defined input and output flow that changes at
each time step dt, but entry time does not affect exit time. In a conveyor, individuals essentially
drop onto a “conveyor belt,” spend a fixed amount o f time there, depending on the speed o f the
conveyor, and then “leave” the conveyor; individuals also can be accepted at each time step dt
and all individuals accepted at the same time step are considered a cohort, which is assigned a
travel time and a loss fraction. Multiple separate cohorts can be on a conveyor at once.
Converters are used to set the values o f parameters o f a model and can be written as an equation.
Since the majority o f growth and development occurs in the larval instars o f Chaoborus,
the Development Model was used to estimate mass at pupation and. larval development rates
based on temperature and food regimes in the two ponds. Cumulative development and mass
were represented as reservoirs in the Development Model. The average hourly temperatures
collected from Meiner Pond in 2008 and the temperature at 2.1 m in Tender Bog on sampling

dates in 1978 and 1980 were used as inputs to the Development Model. Average daily
temperature (Temp24), growth rate (r), intercept, and slope were converters (Fig. 1). The
averages o f the hourly temperature data from the two depths at Meiner Pond were used because
the pattern o f diel vertical migration exhibited by the Chaoboms americanus larvae caused the
larvae to spend time equally in the surface and bottom waters o f the pond (C. von Ende, personal
observation).
Maturation and growth o f larvae occurred in the Development Model by tracking the
accumulation o f development and mass during the summer growth period based on laboratory
estimates o f development rates and growth rates at different temperatures. It has previously been
shown that cumulative development in insects can be monitored by summing hourly temperature
dependent development rates (Powell and Jenkins 2000); cumulative development was
monitored using this method in the cumulative development reservoir (HrDev). The hourly
development and growth rates were based on estimates from the laboratory experiment and the
temperature regime in the pond. Because food levels were assumed to be higher when the
temperature in the pond was greater than or equal to 20° C, the development and growth rates
were based on the estimated high food development and growth rates under these temperature
conditions (Figs. 9 and 10). Conversely, food levels were assumed to be lower during periods o f
colder temperature, so development and growth rates were based on the estimated low food
development and growth rates when the temperature was less than 20° C (Figs. 9 and 10).
When cumulative development reached one, development was complete, giving the time
in days for that generation o f larvae. At this point the reservoir value for cumulative development
was reset to 0 and development for another generation began to accumulate again. Cumulative
mass also stopped accumulating when cumulative development reached one, giving the mass

reached at maturity. Cumulative mass was also reset to 0 when cumulative development was
reset. Changes in food abundance could be controlled by varying the y-intercept o f the
development equations, which differed based on food level.
Two different scenarios were studied using the Development Model (Fig. 1). The first
scenario was used to represent the warmer temperature the populations from Meiner Pond would
experience. The second scenario was used to represent the colder temperatures that populations
would be exposed to in Tender Bog. The only difference in model structure between the two
scenarios was that the warm temperature scenario had temperature-dependent food levels, while
the cold temperature scenario did not, and each pond’s respective temperature regime was used
in the respective scenario.

CumulativeDevelopment

Fig. 1 Stella Development Model for predicting development and growth o f Chaoborus
americanus larvae based on water temperature and food abundance.
Estimates of larval development times and pupal mass produced by the Development
Model were based on development rates and growth rates from second to pupae estimated in the
growth experiment (von Ende, unpublished data). In the Abundance Model, growth and the

abundance o f different life stages was tracked throughout the year. The Abundance Model began
with an inflow o f adults (1000) that laid eggs; eggs/first instars developed sequentially into
second, third, and fourth instar larvae and then into adults, which then replenished the stock o f
eggs. Eggs and adults were represented by reservoirs in the Abundance Model; second through
fourth instar larval stages were designated by separate conveyors with different individual
development times (“transit times”). The length o f time the adults were present in the population
(adult period) (3), eggs per female (250), the fraction o f the population that were female (fraction
female) (0.5), and the amount o f time spent as an egg and first instar (incubation period) (15 in
Tender Bog based simulation, 7 in Meiner Pond based simulation) were convertors. Mortality
(Meiner Pond simulation: egg loss =0.85, Mort2 = 0.4, Mort3 = 0.4, Mort4 =0.3; Tender Bog
simulation: egg loss =0.5, Mort2 = 0.5, Mort3 = 0.6, Mort4 =0.1) occurred as leakage from each
conveyor (stage) in the Abundance Model (Fig. 2). Two scenarios were also run for this model: a
warm temperature scenario based on Meiner Pond temperature data and a cold temperature
scenario based on Tender Bog temperature data.
Other than the temperature regimes, the only differences in the model for these two
scenarios was that in the warm temperature scenario, transit time o f the second instar through
fourth instar larval stages were determined by temperature. This represented an assumed change
in food availability with change in temperature. I assumed higher food levels in warmer periods
corresponded to faster development times and lower food levels in colder periods corresponded
to slower development times.
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Fig. 2 Stella Abundance Model for projecting seasonal larval phenology and abundance o f a
Chaoborus americanus population, based on water temperature and food abundance.

Results
Chaoborus americanus larvae in Meiner Pond that pupated in the early spring were
heavier than pupae from the summer generations. Pupal mass steadily declined in females from a
maximum of 2,287 pg in February to a minimum of 460 pg in August, nearly a 5x change in
mass (Fig. 3). For males, pupal mass steadily declined from a maximum o f 1,876 pg in February
to a minimum of 318 pg in August, with nearly a 6x change in mass (Fig. 3). Pupal mass of
overwintering larvae in Tender Bog (Traina 1989) were in a range comparable to individuals

9

pupating in the Meiner Pond population in May and June, which corresponded to the second
generation o f the year in Meiner Pond.
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Fig. 3 Box-Whisker plots o f dry mass o f female and male pupae from Meiner Pond from
February to August in 2007,2008, and 2010.
The average water temperature at the surface and the bottom o f Meiner Pond from April
through October o f 2008 showed a gradual increase from around 12° C in April to around 24° C
in July before declining again to just above 5° C by the end o f October (Fig. 4). The Chaoborus

americanus larval population in Meiner Pond developed sequentially through two generations in
2008 (Fig. 4). Peaks in abundance o f first larval instars were followed by corresponding peaks o f
the next three larval instars. Only fourth instar larvae o f the third generation were present at the
end o f October. The population overwintered in this stage (Fig. 5).
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Fig. 4 Scatter plot of average of surface and bottom hourly temperature o f Meiner Pond in 2008.
The range of dates shown corresponds to the dates for which census data were collected.

Fig. 5 Abundance of Chaoborus americanus larvae in Meiner Pond from April to October in
2008 (x ± 95% confidence intervals).

ll

Temperature in Tender Bog steadily increased from 4.5 °C in late April to 11.5 °C in midSeptember. After this maximum, the temperature declined quickly to 6.5 °C by the end of
October (Fig. 6). The majority of overwintering Chaoborus americanus fourth instar larvae
pupated in early spring in 1978 and 1980. The pupae from the overwintering generation quickly
developed into adults and laid eggs that produced a cohort of first instar larvae. Sequential
development produced a succession o f peaks o f first through third larval instar during the
summer in each year. Development proceeded to the fourth larval instar by the end of each
summer; however, fourth instar larvae also were present throughout the summer. There also
appeared to be a second peak in first instar larvae in the beginning o f July in each year (Figs. 7
and 8).

Fig. 6 Temperature at 2.1 m in Tender Bog in 1978 and 1980. The range o f dates corresponds to
the dates for which census data were collected. Temperature trend line is a loess fit.

Fig. 7 Abundance o f Chaoborus americanus larvae in Tender Bog from April to October in
1978.

Fig. 8 Abundance of Chaoborus americanus larvae in Tender Bog from April to October in
1980.
The slopes of the best fit regression lines o f development rate versus temperature for high
and low food levels were not statistically different (F 1.37—0.806, P= 0.38). However, the slope
was slightly steeper in the high food level. The intercepts o f the best fit regression lines were
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statistically different between the two food levels, with the high food intercept being greater than
the low food intercept (F 1,37 = 4852.99, P= 0.00) (Fig. 9). The slopes o f the best fit regression
lines of growth rate versus temperature for high and low food levels were not statistically
different (F 1,37 = 0.196, P= 0.66). The intercepts o f the best fit regression lines for growth rate
versus temperature for high and low food levels were statistically different (F 1.37=1969.5 ,
P=0.00) (Fig 10).

Temperature(°C)

\H F

Fig. 9 Best fit regression line of development rate versus temperature for females in the high
food and low food treatments in the growth experiment. (Low food: Development rate =
0.0158+0.0003*Temperature; High food: Development rate= 0.0205+0.0004*Temperature).
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Fig. 10 Best fit regression line of growth rate versus temperature for females in the high food and
low food treatments in the growth experiment. (Low food: Growth rate = 15.0935
+0.1472*Temperature; High food: Growth rate= 25.7045+1.0644*Temperature).
The simulation run with the Development Model according to the warm temperature
regime produced development times appropriate for three generations per year. Each peak in
development and mass represented a cohort o f Chaoborus americanus that had reached
maturation (Fig. 11). The population went through nearly three generations before winter, which
was consistent with the abundance data of Chaoborus americanus in Meiner Pond. Additionally,
larvae that developed during periods o f cooler temperatures and lower food abundance in the
Development Model took longer to develop and had a greater final mass than the cohort of the
summer generation, which was also consistent with the trends in pupal mass and development
time that occurred in Meiner Pond (Fig. 11). In the colder temperature simulation using the
Development Model, there was a significant increase in development time. It took first instar
larvae that hatched from eggs in April the whole summer to reach the fourth instar. The
population overwintered in the fourth instar (Fig. 12). This pattern was also observed in the
population of Chaoborus americanus larvae in Tender Bog in 1978 and 1980 (Figs. 7 and 8).
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Fig. 11 Larval Chaoborus americanus phenological development for the warm temperature
scenario based on the Development Model. Days 1 through 188 on the X axis correspond to
April 26th through October 30th. Temp24 is daily average water temperature in Meiner Pond in
2008 and r is development rate. Scaling for Y axis is color-coded by variables.

Fig. 12 Larval Chaoborus americanus phenological development for the cold temperature
scenario based on the Development Model. Refer to Fig. 11 for legend details.
When the warm temperature simulation was run using the Abundance Model, sequential
development through each life stage occurred sequentially for three generations (Fig. 13). Only
16

fourth instar larvae were present in high numbers at the end o f October, consistent with what was
observed in Meiner Pond (Figs. 5 and 13). When the cold temperature simulation was run using
the Abundance Model, sequential development through each life stage produced only one
generation (Fig. 14). Only fourth instar larvae were present in high numbers at the end of
October, consistent with what was observed in Tender Bog (Figs. 7, 8, and 14).

Fig. 13 Larval Chaoborus americanus seasonal development and abundance for the warm
temperature scenario based on the Abundance Model. Refer to Fig. 11 for legend details.
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Fig. 14 Larval Chaoborus americanus seasonal development and abundance for the cold
temperature scenario based on the Abundance Model. Refer to Fig. 11 for legend details.

Discussion
Temperature plays an integral role in affecting developmental and growth rates,
pupal mass, and larval abundance in Chaoborus americanus. Populations from colder climate in
northern Wisconsin, such as Tender Bog, tend to go through one generation per year. Large
fourth instar larvae overwinter and pupate in early spring. In contrast, populations in the warmer
climate of northern Illinois, such as the one in Meiner Pond, complete two generations in the
summer, with a third generation overwintering as fourth instar larvae and emerging the following
spring. Three consecutive peaks of third instar larvae in the summer confirm the presence of
three generations per year in Meiner Pond (Fig. 5)
The presence of fourth instar larvae year round and the second peak o f first instar larvae
in Tender Bog could have different implications (Figs. 7 and 8): As suggested by Bradshaw
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(1973), a developmental polymorphism could exist in the population. Alternatively, the
population could have a two-year generation time, causing second-year fourth instars to be
present at the beginning o f summer with first-year fourth instars comprising the overwintering
population.
Pupal mass also differed with temperature and generation. Larvae from the overwintering
generation in northern Illinois populations have a larger pupal mass than summer generations.
Pupal mass in Tender Bog populations is comparable to that o f the first spring generation in
northern Illinois populations (late May).
The phenological patterns observed in natural populations along with development and
growth rates estimated in the lab were used to calibrate the Development Model and the
Abundance Model. Simulations with the Development Model produced estimates o f pupal mass
and development times o f second through fourth instar larvae that were comparable to estimates
o f pupal mass and development time o f Chaoborus americanus observed in the lab and in natural
populations in northern Illinois and northern Wisconsin (Figs. 3,5,7,8,11, and 12). Simulations
with the Abundance Model produced the number o f generations, and the sequence o f life stages
within those generations, that agreed with field data for populations in northern Illinois and
northern Wisconsin (Figs. 5,7,8,13, and 14). Tools such as these mathematical models will be
useful in the future to help scientists predict the effects o f temporal changes in climate on
growth, development, and the magnitude o f phenological shifts in insect populations.
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Appendix A

STELLA equations for the M einer Pond based scenario run using the Development Model:

CumulativeDevelopment(t) = CumulativeDevelopment(t - dt) + (HrDev - CD_Reset) * dt
INIT CumulativeDevelopment = 0
INFLOWS:
HrDev = r
OUTFLOWS:
CD_Reset = IF CumulativeDevelopment > 1.00 THEN CumulativeDevelopment/DT ELSE 0
Cumulative_Mass(t) = Cumulative_Mass(t - dt) + (MsPerDay - CM_Reset) * dt
INIT Cumulative_Mass = 0
INFLOWS:
MsPerDay = IF Temp24 > 20 THEN 27 ELSE 17
OUTFLOWS:
CM_Reset = IF CumulativeDevelopment > 1.00 THEN Cumulative_Mass/DT ELSE 0
Intercept = IF Temp24 > 20 THEN 0.013 ELSE 0.007
r = Intercept+Slope*Temp24
Slope = 0.0003
Temp24 = GRAPH(TIME)
(1.00,16.4), (2.00,15.4), (3.00,14.2), (4.00,12.5), (5.00,12.5), (6.00,13.9), (7.00,15.2), (8.00,14.9),
(9.00,14.8), (10.0,16.3), (11.0,17.6), (12.0,17.9), (13.0,17.8), (14.0,16.7), (15.0,15.7), (16.0,
14.4), (17.0,14.2), (18.0,15.2), (19.0,16.6), (20.0,16.5), (21.0,16.2), (22.0,17.4), (23.0,17.6),
(24.0,17.2), (25.0,17.2), (26.0,17.4), (27.0,17.9), (28.0,16.9), (29.0,16.8), (30.0,17.4), (31.0,
19.3) , (32.0,18.4), (33.0,17.3), (34.0,16.8), (35.0,17.1), (36.0,19.0), (37.0,20.3), (38.0,20.8),
(39.0,19.9), (40.0,19.7), (41.0,21.1), (42.0,22.3), (43.0,22.3), (44.0,22.7), (45.0,22.3), (46.0,
22.3) , (47.0,22.3), (48.0,22.0), (49.0, 22.2), (50.0,22.2), (51.0,22.2), (52.0,22.2), (53.0,22.0),
(54.0,21.9), (55.0,21.9), (56.0,21.8), (57.0,21.9), (58.0,22.0), (59.0,21.8), (60.0,21.8), (61.0,
22.0) , (62.0,22.7), (63.0,22.4), (64.0,22.6), (65.0,22.4), (66.0,22.4), (67.0,22.2), (68.0,22.4),
(69.0,22.3), (70.0,21.7), (71.0,21.6), (72.0,21.6), (73.0,22.4), (74.0,22.6), (75.0,22.4), (76.0,
22.3) , (77.0,22.1), (78.0,22.6), (79.0, 22.5), (80.0,22.7), (81.0,23.1), (82.0,23.7), (83.0,24.0),
(84.0,24.2), (85.0,24.0), (86.0,24.0), (87.0,24.2), (88.0,23.8), (89.0,23.2), (90.0,22.7), (91.0,
22.6) , (92.0,23.3), (93.0,22.7), (94.0,23.0), (95.0,23.2), (96.0,23.6), (97.0,23.8), (98.0,23.6),
(99.0,23.3), (100,22.5), (101,22.6), (102,23.1), (103,23.0), (104,22.4), (105,21.9), (106,
21.6) , (107,21.3), (108,20.7), (109,20.5), (110,20.7), (111, 20.7), (112,20.8), (113,20.6), (114,
20.7) , (115,21.1), (116,21.2), (117,21.4), (118,21.2), (119,21.3), (120,21.7), (121,21.2), (122,
20.6) , (123,19.8), (124,19.7), (125,19.8), (126,20.7), (127,20.4), (128,20.7), (129,21.0), (130,
21.7) , (131,21.5), (132,19.7), (133,18.4), (134,18.6), (135,18.7), (136,18.0), (137,16.6), (138,
16.4) , (139,16.6), (140,17.4), (141,18.3), (142,18.6), (143,18.0), (144,17.3), (145,17.5), (146,
18.2), (147,18.5), (148,18.8), (149,19.1), (150,19.3), (151,19.6), (152,19.8), (153,19.8), (154,
19.8) , (155,19.3), (156,19.6), (157,18.6), (158,17.1), (159,15.6), (160,14.4), (161,14.3), (162,
13.5) , (163,13.0), (164,13.6), (165,13.8), (166,14.4), (167,14.0), (168,13.8), (169,14.4), (170,
15.5) , (171,16.5), (172,16.5), (173,15.7), (174,13.8), (175,12.0), (176,11.1), (177,10.9), (178,
11.0) , (179,10.1), (180,9.31), (181, 8.24), (182, 8.99), (183,9.50), (184,9.58), (185, 8.06), (186,
6.40), (187, 5.74), (188, 5.90)
STELLA equations for the Tender Bog based scenario run using the Development Model:

CumulativeDevelopment(t) = CumulativeDevelopment(t - dt) + (HrDev - CD_Reset) * dt
INIT CumulativeDevelopment = 0
INFLOWS:
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HrDev = r
OUTFLOWS:
CD_Reset = IF CumulativeDevelopment > 1.00 THEN CumulativeDevelopment/DT ELSE 0
Cumulative_Mass(t) = Cumulative_Mass(t - dt) + (MsPerDay - CM_Reset) * dt
INIT Cumulative_Mass = 0
INFLOWS:
MsPerDay = 2
OUTFLOWS:
CM_Reset = IF CumulativeDevelopment > 1.00 THEN Cumulative_Mass/DT ELSE 0
intercept = 0.0029
r = intercept+slope*Temp24
slope = 0.0003
Temp24 = GRAPH(TIME)
(1.00,4.50), (9.50,4.80), (18.0, 5.00), (26.5, 5.00), (35.0, 6.00), (43.5, 6.00), (52.0,7.00), (60.5, 7.10),
(69.0,6.70), (77.5, 8.00), (86.0,7.80), (94.5, 7.80), (103, 8.00), (112,9.50), (120,9.80), (129,
9.00), (137,11.3), (146,10.8), (154,11.5), (163,11.5), (171,9.00), (180,6.50), (188, 6.50)
STELLA equations for the M einer Pond based scenario run using the Abundance Model:

v ,
W

Adults(t) = Adults(t - dt) + (DevTmAdlt - deaths) * dt
INIT Adults = 1000
TRANSIT TIME = varies
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
DevTmAdlt = CONVEYOR OUTFLOW
TRANSIT TIME = IF Temp24 > 20 THEN 30 ELSE 40
OUTFLOWS:
deaths = CONVEYOR OUTFLOW
TRANSIT TIME = adult_period
Eggs_&_Instar_l(t) = Eggs_&_Instar_l(t - dt) + (eggs_deposited - egg_hatching - egg_loss) * dt
INIT Eggs_&_Instar_l = 0
TRANSIT TIME = varies
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
eggs_deposited = deaths*eggs_per_female*fraction_female
OUTFLOWS:
egg_hatching = CONVEYOR OUTFLOW
TRANSIT TIME = DevTm2
eggjoss = LEAKAGE OUTFLOW
LEAKAGE FRACTION = 0.85
NO-LEAK ZONE = 0%
Instar_2(t) = Instar_2(t - dt) + (egg_hatching - DevTm_3 - Mort_2) * dt
INIT Instar_2 = 0
TRANSIT TIME = varies
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
eggjiatching = CONVEYOR OUTFLOW
TRANSIT TIME = DevTm2
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OUTFLOWS:
DevTm_3 = CONVEYOR OUTFLOW
TRANSIT TIME = IF Temp24 > 20 THEN 7 ELSE 9
Mort_2 = LEAKAGE OUTFLOW
LEAKAGE FRACTION = 0.4
NO-LEAK ZONE = 0%
Instar_3(t) = Instar_3(t - dt) + (DevTm_3 - DevTm_4 - Mort_3) * dt
INIT Instar_3 = 0
TRANSIT TIME = varies
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
DevTm_3 = CONVEYOR OUTFLOW
TRANSIT TIME = IF Temp24 > 20 THEN 7 ELSE 9
OUTFLOWS:
DevTm_4 = CONVEYOR OUTFLOW
TRANSIT TIME = IF Temp24 > 20 THEN 19 ELSE 22
Mort_3 = LEAKAGE OUTFLOW
LEAKAGE FRACTION = 0.4
NO-LEAK ZONE = 0%
Instar_4(t) = Instar_4(t - dt) + (DevTm_4 - DevTmAdlt - Mort_4) * dt
INIT Instar 4 = 0
TRANSIT TIME = varies
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
DevTm_4 = CONVEYOR OUTFLOW
TRANSIT TIME = IF Temp24 > 20 THEN 19 ELSE 22
OUTFLOWS:
DevTmAdlt = CONVEYOR OUTFLOW
TRANSIT TIME = IF Temp24 > 20 THEN 30 ELSE 40
Mort_4 = LEAKAGE OUTFLOW
LEAKAGE FRACTION = 0.3
NO-LEAK ZONE = 0%
adult_period = 3
Daily_Counter = time
DevTm2 = 7
eggs_per_female = IF TIME < 50 THEN 250 ELSE 50
fraction_female = 0.5
Temp24 = GRAPH(TIME)
(0.00,16.4), (0.963,15.4), (1.93,14.2), (2.89,12.5), (3.85,12.5), (4.81,13.9), (5.78, 15.2) , (6.74,14.9),
(7.70.14.8) , (8.66,16.3), (9.63,17.6), (10.6,17.9), (11.6,17.8), (12.5,16.7),
(13.5.15.7)
, (14.4,
14.4), (15.4,14.2), (16.4,15.2), (17.3,16.6), (18.3,16.5), (19.3,16.2), (20.2, 17.4), (21.2,17.6),
(27.9,17.4), (28.9,
(22.1.17.2) , (23.1,17.2), (24.1,17.4), (25.0,17.9), (26.0,16.9), (27.0,16.8),
19.3) , (29.8,18.4), (30.8,17.3), (31.8,16.8), (32.7,17.1), (33.7,19.0), (34.7,
20.3) , (35.6,20.8),
(36.6.19.9) , (37.5,19.7), (38.5,21.1), (39.5,22.3), (40.4,22.3), (41.4, 22.7),
(42.4.22.3)
, (43.3,
22.3) , (44.3,22.3), (45.2,22.0), (46.2,22.2), (47.2,22.2), (48.1,22.2), (49.1,
22.2) , (50.1,22.0),
(51.0,21.9), (52.0,21.9), (52.9,21.8), (53.9,21.9), (54.9,22.0), (55.8,21.8), (56.8.21.8)
, (57.8,
22.0), (58.7,22.7), (59.7,22.4), (60.6,22.6), (61.6,22.4), (62.6,22.4), (63.5, 22.2) , (64.5,22.4),
(65.5.22.3) , (66.4,21.7), (67.4,21.6), (68.3, 21.6), (69.3,22.4), (70.3,22.6),
(71.2.22.4)
, (72.2,
22.3) , (73.2, 22.1), (74.1,22.6), (75.1,22.5), (76.0,22.7), (77.0,23.1), (78.0,
23.7), (78.9,24.0),
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(79.9, 24.2), (80.9, 24.0), (81.8,24.0), (82.8,24.2), (83.7, 23. 8), (84.7,23.2), (85.7,22.7), (86.6,
22.6) , (87.6,23.3), (88.6,22.7), (89.5,23.0), (90.5, 23.2), (914, 23.6), (92.4,23.8), (93.4, 23.6),
(94.3, 23.3), (95.3,22.5), (96.3,22.6), (97.2,23.1), (98.2,23. 0), (99.1,22.4), (100,21.9), (101,
21.6) , (102, 21.3), (103,20.7), (104,20.5), (105,20.7), (106,20.7) , (107,20.8), (108, 20.6), (109,
20.7) , (110, 21.1), (111, 21.2), (112,21.4), (113,21.2), (114,21.3) , (115,21.7), (116,21.2), (116,
20.6) , (117,19.8), (118,19.7), (119,19.8), (120,20.7), (121,20.4) , (122,20.7), (123,21.0), (124,
21.7) , (125,21.5), (126,19.7), (127,18.4), (128,18.6), (129,18.7), (130,18.0), (131, 16.6), (132,
16.4) , (133,16.6), (134,17.4), (135,18.3), (136,18.6), (137,18.0) , (138,17.3), (139,17.5), (140,
18.2), (141,18.5), (141,18.8), (142,19.1), (143,19.3), (144, 19.6) , (145,19.8), (146,19.8), (147,
19.8) , (148,19.3), (149, 19.6), (150,18.6), (151,17.1), (152,15.6) , (153,14.4), (154,14.3), (155,
13.5) , (156,13.0), (157,13.6), (158, 13.8), (159,14.4), (160,14.0) , (161,13.8), (162,14.4), (163,
15.5) , (164,16.5), (165,16.5), (166,15.7), (167,13.8), (167,12.0) , (168,11.1), (169,10.9), (170,
11.0), (171,10.1), (172, 9.31), (173, 8.24), (174, 8.99), (175, 9.50), (176,9.58), (177, 8.06), (178,
6.40), (179,5.74), (180, 5.90)
STELLA equations for the Tender Bog based scenario run using the Abundance Model:

w
^

Adults(t) = Adults(t - dt) + (DevTmAdlt - deaths) * dt
INIT Adults = 1000
TRANSIT TIME = varies
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
DevTmAdlt = CONVEYOR OUTFLOW
OUTFLOWS:
deaths = CONVEYOR OUTFLOW
TRANSIT TIME = adultjperiod
Eggs_&_Instarl (t) = Eggs_&_Instarl(t - dt) + (eggs_deposited - egg__hatching - egg_loss) * dt
INIT Eggs_&_Instarl = 0
TRANSIT TIME = varies
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
eggs_deposited = eggsjper_female*fraction_female*deaths
OUTFLOWS:
egg_hatching = CONVEYOR OUTFLOW
TRANSIT TIME = DevTm2
eggjoss = LEAKAGE OUTFLOW
LEAKAGE FRACTION = 0.5
NO-LEAK ZONE = 0%
Instar_2(t) = Instar_2(t - dt) + (egg hatching - DevTm_3 - Mort_2) * dt
INIT Instar_2 = 0
TRANSIT TIME = 20
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
egg_hatching = CONVEYOR OUTFLOW
TRANSIT TIME = DevTm2
OUTFLOWS:
DevTm_3 = CONVEYOR OUTFLOW
Mort_2 = LEAKAGE OUTFLOW
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LEAKAGE FRACTION = 0.5
NO-LEAK ZONE = 0
Instar_3(t) = Instar_3(t - dt) + (DevTm_3 - DevTm_4 - Mort_3) * dt
INIT Instar_3 = 0
TRANSIT TIME = 40
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
DevTm_3 = CONVEYOR OUTFLOW
OUTFLOWS:
DevTm_4 = CONVEYOR OUTFLOW
Mort_3 = LEAKAGE OUTFLOW
LEAKAGE FRACTION = 0.6
NO-LEAK ZONE = 0
Instar_4(t) = Instar_4(t - dt) + (DevTm_4 - DevTmAdlt - Mort_4) * dt
INIT Instar 4 =
0,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,25000
TRANSIT TIME =181
INFLOW LIMIT = INF
CAPACITY = INF
INFLOWS:
DevTm_4 = CONVEYOR OUTFLOW
OUTFLOWS:
DevTmAdlt = CONVEYOR OUTFLOW
Mort 4 = LEAKAGE OUTFLOW
LEAKAGE FRACTION = IF TIME < 75 THEN 0 ELSE 0.1
NO-LEAK ZONE = 0
adult_period = 3
DevTm2 =15
eggs_per_female = 250
fraction_female = 0.5
Daily_Counter = GRAPH(time)
(0.00,0.00), (18.0,0.00), (36.0,0.00), (54.0,0.00), (72.0,0.00), (90.0,0.00), (108,0.00), (126,0.00),
(144, 0.00), (162,0.00), (180,0.00)
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